It is well known that diets high in nuts or peanuts favourably affect plasma lipid concentrations. However, few studies have examined the effects of nut and peanut protein (PP) on body composition and skeletal muscle properties. The present study was aimed at evaluating the effect of dietary PP compared with two animal proteins, casein (C) and cod protein (CP) on body composition, skeletal muscle contractile properties and lipid metabolism in rats. Thirty-two male rats were assigned to one of the following four diets containing either C, CP, PP or C þ peanut protein (CPP, 50:50) mixture. After 28 d of ad libitum feeding and after 12-h fast, blood, liver and muscle were collected for measurements of plasma and hepatic cholesterol and TAG, plasma glucose and insulin and contractile properties. Rats fed with the low-quality protein, PP, had lower body weight gain, body protein mass, soleus mass and liver weight than those fed with the high-quality dietary proteins, C and CP. PP also caused a deficit in contractile properties in soleus. Likewise, PP increased plasma cholesterol and body fat mass compared with CP. However, these elevations were accompanied with increased hepatic TAG concentrations and lowered intestinal fat excretion. These results show that PP intake alters body composition by reducing skeletal muscle mass and liver weight as well as muscle contractility and lipid metabolism. Adding a complete protein such as C might partially counteract these adverse effects.
Botanically classified as legumes, peanuts are nevertheless considered and consumed as nuts in United States (1) and in several countries of the world. Peanuts are rich in many bioactive ingredients known to promote health benefits, such as lipids, proteins, fibres, a-tocopherol, various B vitamins, many minerals (Cu, P, Mg and K) and a variety of phytochemicals (2) . In 1999, the Nurses' Health Study (3) including 86 016 women, aged between 34 and 59 years old, without previously diagnosed CHD, stroke or cancer, indicated that frequent nut consumption, including peanuts, was associated with a significantly lower risk of CHD. In addition, Hu & Stampfer (4) reported that several clinical studies had noted beneficial effects of diets high in nuts, including peanuts, on blood lipids. They concluded that the protective effect of nut consumption is partly mediated through potentially protective constituents, such as MUFA and PUFA, vegetable protein (high in arginine), Mg, fibre and K. Several studies have demonstrated that diets high in nuts or peanuts favourably affect plasma lipid concentrations in human subjects (5 -9) and HDL-cholesterol and glutathione in Wistar rats fed hyperlipidaemic diets (10) and in streptozotocin-induced diabetic Wistar rats (11) . However, there have been so far very few studies on the effects of nut/peanut protein (PP) on plasma lipids. To date, two studies, one in rabbits (12) and one in rats (13) have shown that PP induces lower cholesterolaemia concomitantly with lower growth rate than casein (C) and other animal proteins.
Amino acids are key components in promoting postprandial protein anabolism and skeletal muscle mass and contractility. Many studies have shown that oral L-arginine supplementation plays a major role in increasing muscle mass (14) as well as in promoting synthesis of NO (15) , improvement of immune function (16) and wound healing (16, 17) and reduction of risk of heart disease (18 -20) . However, chronic administration of arginine from supplements can cause adverse effects. Indeed, a recent randomised clinical trial found that arginine supplementation was associated with higher rates of postinfarction mortality (21) . There is also evidence that enteral diets containing arginine may be associated with increased mortality in some groups of critically ill patients, perhaps through stimulation of the systemic inflammatory response (22) . Until we have relevant animal and human data, we cannot rule out the possibility that consuming amino acids from supplements will cause unanticipated adverse consequences.
There has been, however, little investigation assessing whether dietary proteins rich in arginine, such as the protein moiety of peanuts, could induce biologically significant effects on protein anabolism and skeletal muscle mass and contractility. PP is very rich in arginine and low in essential and branched-chain amino acids. Essential amino acids and branched-chain amino acids have been reported to have anabolic effect on protein metabolism by increasing protein synthesis (23) and decreasing protein breakdown (24) , suggesting in turn that a diet low in essential and branched-chain amino acids could have a catabolic effect.
The present study was thus designed to investigate the effect of dietary PP on body composition, plasma, hepatic and faecal lipids and on skeletal muscle morphology and function compared with two other animal proteins, C and cod protein (CP). C is rich in essential and branched-chain amino acids and poor in arginine, and CP is rich in essential amino acids and has an intermediate content in branchedchain amino acids and arginine (25) . We first hypothesised that, due to its low essential and branched-chain amino acid content, PP compared with C and CP would reduce body protein mass, organ and skeletal muscle mass. Because reduction in weight of skeletal muscle could result in reduced muscle contractile capacity (26) , we measured morphological and contractile properties in skeletal muscle. Second, we hypothesised that decrement in skeletal muscle mass with PP feeding would create a deficit in muscle fibre length (L f ) as well as in muscle maximal force production. Our third hypothesis stated that, due to its high arginine content, PP compared with C and CP would reduce body fat tissue and plasma cholesterol. Finally, we hypothesised that a 50:50 C þ PP (CPP) mixture containing an intermediate content of essential and branched-chain amino acids and of arginine would restore body protein mass, organ mass and skeletal muscle tissue, skeletal muscle contractility and lipid metabolism as compared with C and CP.
Material and methods

Experimental animals and sampling
Thirty-two male Wistar rats (Charles River Laboratories, St-Constant, QC, Canada), weighing 50-60 g on arrival were housed individually in stainless steel wire-bottom mesh cages placed in a room controlled for constant temperature (208C) and humidity (50 %) and kept under a daily dephased light-dark cycle (09.00 -21.00 hours). Following a 6-d adaptation period in the animal quarters where animals were fed with a ground non-purified commercial diet (NPD; Rodent chow; Ralston Purina Inc., Lasalle, QC, Canada), rats were then divided into five dietary groups (eight per group) on the basis of their body weight, before the 28-d experimental period. They were then gradually transferred to their respective experimental purified diet (ED) differing in protein source by feeding a mixture of ground NPD and ED over a 4-d period (25 %ED/75 %NPD for 2 d, 50 %ED/50 %NPD for 1 d and 75 %ED/25 %NPD for 1 d). Experimental diets and tap water were provided ad libitum for 28 d. Records of food intake and body weight were taken every day. This protocol was approved by the Laval University Animal Care Committee.
Experimental diets
Powdered purified diets, varying in protein source, consisted of either C (control), CP, PP or CPP (50:50) mixture. The amino acid composition of each protein source is given in Table 1 . The C was purchased from MP Biomedicals (Solon, OH, USA). CP was prepared in our laboratory by lyophilisation of frozen cod fillets, which was delipidated with diethyl ether in an industrial Soxhlet-type apparatus (Canadawide Scientific, Montreal, QC, Canada). PP was prepared using the same technique from raw, whitened and fragmented peanuts (Krispy Kernels Inc., Quebec City, QC, Canada) that were ground after delipidation.
The composition of the ED is given in Table 2 . All the ingredients were supplied by MP Biomedicals, except for lard and soyabean oil that were purchased from local supermarket. To minimise the oxidation of (n-6) PUFA in soyabean oil and lard, butylated hydroxytoluene (MP Biomedicals) was added to the diets (27) . Also, soyabean oil was added to the diets to meet essential fatty acid requirement of rats (27) . The level of protein in the purified diets was adjusted to an isonitrogenous basis at the expense of maize starch and sucrose. The level of fibre in PP assessed according to its neutral detergent fibre content was adjusted at the expense of cellulose. The diets were formulated to be isoenergetic, isolipidic and isonitrogenous. The energy content of the diets was measured by automatic adiabatic calorimeter 
Body composition
After a 12-h fast and muscle dissection, blood samples were collected by cardiac puncture with syringes containing disodium EDTA (0·05 %). Animals were then sacrificed by exsanguination. Liver was removed, weighed, frozen in liquid nitrogen and stored at 2 808C until extraction of hepatic lipids. The blood samples were centrifuged at 2500 rpm for 10 min in order to isolate the plasma. Plasma was frozen at 2808C for total lipid determinations.
For each rat, body composition and total energy were determined. After sacrifice, the gastrointestinal tract was emptied. Carcasses were frozen at 2208C. To soften hard tissues, carcasses were autoclaved at 125 kPa for 15 min. Once autoclaved, carcasses were homogenised with water in volume equal to two times autoclaved carcasses weight. The homogenate were frozen at 2 208C, lyophilised, weighed and ground. A sample of each homogenate was taken and kept away from humidity. Energy content was determined by an automatic adiabatic calorimeter (Model 1241; Parr Instruments). Nitrogen content was determined by Kjeldahl procedure (Kjeldahl-Foss autoanalyzer, Model 16 210; Foss Co., Hillerod, Denmark). Carcass protein content was computed by multiplying the nitrogen content of the carcass by 6·25. Energy as protein (protein content £ 23·51 kJ/g) (28) was subtracted to total carcass energy to obtain energy as fat. Carbohydrate represents a negligible part of carcass total energy (28) so it was assumed that energy from nonprotein matter came essentially from fat. This tends to be confirmed by studies in which energy, fat and protein were directly determined (29) . This energy from fat value was then used to calculate carcass fat content using 39·29 kJ/g (28) .
Measurements of morphological and contractile properties of extensor digitorum longus and soleus muscles
At the end of the 28-d experimental period, all the rats were fasted for 12 h. They were then administered buprenorphine (0·01 -0·05 mg/kg intraperitoneally). Five minutes after buprenorphine injection, the rats were anaesthetised with pentobarbital sodium (50 mg/kg intraperitoneally). Extensor digitorum longus (EDL) and soleus muscles were gently removed and incubated in vitro in Krebs -Ringer bicarbonate buffer supplemented with glucose (2 mg/ml). Constant bubbling of carbogen into the solution maintained at 258C allowed muscle viability. In vitro measurement of muscle contractility was performed, as described by Frenette et al. (30) . One tendon was attached to a rigid support at the bottom of the bath and through a stainless steel hook, while the other one was connected to an isometric force transducer (Grass FT-03; Astro-Med, Brossard, QC, Canada). Ten minutes were allowed to permit the equilibration of the muscles. By this time, muscles were adjusted to their optimal length that is defined as the length at which maximal isometric twitch tension (P t ) is produced. After this equilibration period, one single twitch contraction was elicited to obtain maximum P t , time to peak tension and one-half relaxation time. Next, muscles were stimulated for 1 s at frequencies of 10, 20, 35, 80 and 100 Hz to determine maximum tetanic force (P o ). Finally, tendons were removed and muscles were weighed to calculate values for specific P o (N/cm 2 ). The value used for muscle density was 1·062 g/cm 3(31) . L f was determined by multiplying optimal length by the ratio of L f to muscle length. The ratios used were 0·44 for EDL and 0·62 for soleus.
Glucose and insulin
Plasma glucose was measured by means of a Technicon autoanalyzer (YSI 2700 Select; Terochem Scientific, Toronto, ON, Canada). Plasma insulin was measured by RIA using rat insulin as standard (Rat Insulin RIA kit; Linco Research, St Charles, MO, USA).
Plasma and hepatic lipid analyses
Hepatic lipids were extracted with chloroform -methanol (2:1, v/v) using the method of Folch et al. (32) . Plasma and hepatic cholesterol and TAG were determined using the CHOD-PAP and TAG without glycerol were determined using enzymatic kits supplied by Roche Diagnostics (Laval, QC, Canada), respectively.
Faeces collection and analyses of faeces
On day 18, faeces collection was made on a 3-d basis. Faeces were weighed, freeze-dried and stored at 2 208C until further analysis. They were then lyophilised and ground. Fat content in faeces was determined by extraction with anhydrous diethyl ether (Soxtec System HT6 Extraction Unit; Tecator AB, Höganäs, Sweden) after acid hydrolysis (4 M-HCl) for 30 min (Soxtec System 1047 Hydrolysing Unit; Tecator AB). The protein content was determined by Leco FP-528 (ISO 34/SC 5, Principle of Dumas).
Statistical analyses
Data were subjected to an ANOVA using the Statistical Analysis System (SAS Institute, Cary, NC, USA) and general linear model procedure in order to determine the main diet effect. Diet effects detected by ANOVA at a probability level inferior to 0·05 were then submitted to a Duncan's new multiple range test in order to identify differences among diet groups. Feed efficiency values were logtransformed before statistical analysis to make comparisons among homogeneous and normal means. However, results presented in tables are untransformed means with their standard errors.
Results
Food intake, body weight and body composition
Initial and final body weight, body weight gain, mean food intake, feed efficiency as well as various parameters of body composition are presented in Table 3 . No differences were observed for food intake, energy and protein intake between each experimental diet groups. However, a significant difference was observed on body weight gain (P¼0·024). The PP diet led to lower body weight gain than the C and CP diets. Also, the PP diet led to a lower feed efficiency than the C and CP diets (P¼0·039). Feed efficiency of rats fed with the CPP diet was intermediary to and significantly different from that of rats fed with either the C and CP diets, or the PP diet.
As for final body energy, there was no significant difference between the experimental diets. Nevertheless, lower final body protein mass was observed in rats fed with the PP diet or the CPP diet than those fed with either the C or the CP diet (P¼0·0008). On the other hand, the CP diet induced lower final body fat (P¼0·030) and higher body protein:fat ratio than the PP diet (P, 0·0001). The protein:fat ratio of rats fed with the C diet was intermediary to and significantly different from that of rats fed with either the CP diet or the PP diet.
Morphological and contractile properties of extensor digitorum longus and soleus muscles Tables 4 and 5 show results for EDL and soleus muscle contractile properties, respectively. ANOVA revealed no protein effect on morphological and contractile properties of EDL muscle. However, the wet weight of the soleus muscle in rats fed with the PP diet was lower than that in rats fed the CP diet (P¼0·045). In soleus, the PP diet led to lower L f (P¼0·037), P t (P¼0·0007) and P o (P,0·0001) compared with feeding the other protein diets. Cross-sectional fibre area was also calculated, but no differences were observed (data not shown).
Plasma glucose, insulin, plasma and hepatic lipid analyses Table 6 shows the mean plasma glucose and insulin as well as plasma and hepatic lipids in rats fed purified diets. No effect of dietary proteins was observed on plasma glucose and insulin concentrations. Feeding C as well as PP induced higher plasma total cholesterol concentrations than feeding CP (P¼0·011). The C diet significantly increased total plasma TAG compared with the CP and PP diets (P¼0·016). Liver weight of rats fed with C and CP was higher than that of rats fed PP (P¼0·002). Hepatic cholesterol concentrations were unaffected by dietary proteins. However, when liver weight was taken into account, total hepatic cholesterol was increased by the C diet as compared with the PP and the CPP diets (P¼ 0·031). Hepatic TAG concentrations were higher in rats fed with the PP diet compared with those fed with either the CP or the CPP diet (P¼0·039). No difference was observed in total hepatic TAG when liver weight was taken into account.
Faecal energy, protein and fat content
Faecal, protein and lipid contents are shown in Table 7 . The C and CPP diets induced higher faecal energy content than the PP diet (P¼0·011). The C, CP and CPP diets induced higher faecal fat content than the PP diet (P¼0·0002). By contrast, the PP diet increased faecal protein content compared with the other experimental diets (P, 0·0001). However, the CP and the CPP diets induced higher faecal protein content than the C diet.
Discussion
The present study demonstrates that consumption of lowquality dietary protein, such as PP, reduces body weight gain, body protein mass and liver weight as compared with two high-quality dietary proteins, C and CP. PP also led to significant deficits in contractile properties in soleus muscle. Likewise, PP increased plasma cholesterol and body fat mass compared with CP. These elevations were accompanied with increased hepatic TAG concentrations and lowered fat excretion. It should be highlighted that no aflatoxins, an anti-nutritional factor known to reduce animal weight gain (33) , were found in the raw PP used in the present study. Therefore, aflatoxins cannot explain the differential effects of PP on body composition, contractile function, plasma, hepatic and faecal lipids.
Proteins are found throughout the body with over 40 % of body protein found in skeletal muscle and over 25 % found in body organs. There have been many studies describing the anabolic effect of essential and branched-chain amino acids on protein metabolism (23, 24) . The primary hypothesis of the present study was that PP, which is a low-quality protein that contributes weakly to the body's supply of essential amino acids (Table 1) , would reduce body protein mass, organ mass and skeletal muscle tissue. PP has a lower leucine, methionine, lysine and threonine content than C and CP (25) , indicating its lower essential amino acid content and its weak potential to support protein synthesis. In the present study, although dietary PP did not affect energy intake, body weight gain was significantly reduced when compared with C and CP. This reduction was accompanied by a loss of protein mass, soleus mass and liver weight but not of body fat mass. Positive correlations between body protein and soleus mass (n 31, r 0·57, P¼0·0008) and between body protein and liver weight (n 30, r 0·702, P,0·0001) indicate that the reduction in body protein mass may be attributed to atrophy of skeletal muscle and organ weight. The reducing effect of PP on body weight gain and protein mass may be explained by its depressing effect on protein synthesis.
Protein synthesis depends primarily on the presence of essential amino acids and to some extent on protein digestibility. The present data on nitrogen excretion raise the question whether higher nitrogen excretion in rats fed with PP contributed to lower protein synthesis. Increased nitrogen excretion in those rats compared with animal proteins could result from a lower digestibility of PP (25) , higher catabolism of intestinal endogenous proteins and amino acid malabsorption due to greater competition between amino acids for a common transport mechanism (34, 35) . There is thus a possibility that the increased nitrogen excretion in faeces concomitant with the low intake of essential amino acids of rats fed with PP was responsible for the loss of body protein mass.
A secondary hypothesis of the present study was that a decrement in skeletal muscle mass with PP feeding would create a deficit in maximal P t and P o . As expected, important deficits were observed for both P t and P o in soleus muscle of rats fed with PP compared with those fed with the two animal proteins, but no significant change was seen with the EDL muscle. Positive correlations were observed between absolute P o values and L f (n 31, r 0·48, P¼0·007), as well as between absolute P o values and optimal length (n 31, r 0·48, P¼0·007), and absolute P o values and soleus weight (n 31, r 0·38, P¼0·036). Similarly, P t tension and L f (n 31, r 0·48, P¼0·006) were positively correlated, as well as P t tension and optimal length (n 31, r 0·480, P¼0·006). P t and soleus weight were, however, not correlated (n 31, r 0·254, P¼0·168). Clearly, these correlations suggest that the loss in both P t and P o could be attributed in part to the decrement in soleus mass compared with rats fed with cod protein.
However, maximal absolute muscle force production is linearly related to the cross-sectional area of the muscle but can also be influenced by changes in the mechanical arrangement of the muscle fibres within the muscle. The rat soleus is a pennate muscle and changes in the angle of pennation most likely occurred, since muscle length was altered by the peanut diet. So, the decreased value for absolute P o with the peanut diet could be explained partially by a change in the mechanical arrangement of the fibres. We can thus postulate that there was also a contractile dysfunction, since we saw a tendency (P¼0·118) for a decrease in maximum specific P o in the rats fed with the PP diet compared with the other groups. This suggests that, beside a loss and rearrangement of contractile elements per se the contractile mechanism is also dysfunctional to a certain extent resulting in an inability to fully express the contractile potential. Surprisingly, the EDL muscle was not influenced by 28 d of PP intake. The soleus muscle is a deep postural muscle that is highly solicited, while the EDL is a fast twitch phasic muscle much less solicited. Contrary to the EDL muscle, the soleus muscle mass is modulated, among other factors, by variations in body weight; thus the lower value for body weight in the rats fed the PP diet could explain this difference between the two muscles. These results are in good agreement with those observed in swine in which various skeletal muscles responded differently to nutritional deprivation (36) and indicate that some muscles, as soleus, are more susceptible to nutritional muscle-wasting stress than others. The same difference between soleus and EDL muscles has also been observed in protocols of hindlimb suspension, where the absence of mechanical load on the hindlimbs causes a very drastic loss of muscle mass in the soleus muscle but no significant change in the EDL. The morphological and functional properties of soleus muscle, when compared with those of EDL, were also more responsive to PP feeding, apparently due to specific differences in protein metabolism and morphology. Data from rodent studies (37, 38) have indeed shown that the rates of protein synthesis can vary between muscles composed of different fibre types and postural muscle like the soleus have likely a higher turnover rate for protein than phasic muscles like the EDL.
Although they both are high-quality animal proteins, CP and C in the present study differently regulate plasma and hepatic lipids as well as body fat mass. Indeed, CP reduced body fat mass, plasma cholesterol and TAG concentrations. This is in good agreement with our previous observations showing reduced effects of CP on plasma cholesterol and TAG concentrations (39) that are normally associated with improved insulin sensitivity (40) . Differences in the amino acid composition of these two dietary proteins have been proposed to modulate changes in glucose and lipid metabolism, as CP has higher arginine, glycine and lower valine content than C (40) . Indeed, supplementing C with glycine, alanine, arginine and cystine can reduce plasma and LDL cholesterols in guinea pigs (41) . Arginine can also stimulate insulin secretion in rats (42) and reduce hypercholesterolaemia in rabbits (43) .
As observed with C, PP induced higher plasma cholesterol and body fat mass than CP. The present results are in contrast with previous studies reporting that plant proteins (soyabean protein) are hypocholesterolaemic (44 -46) and reduce body fat (46) compared with animal proteins (C). This could be partly attributed to the use of a 1 % cholesterol-enriched diet that may alter the differential effects of dietary proteins on cholesterolaemia in rats (47) . However, our data are in good agreement with those published by Moundras et al. (48) showing that protein deprivation in rats could exhibit a slight hypercholesterolaemia, together with an induction of liver 3-hydroxy-3-methylglutaryl CoA reductase. It is of note that wasting of muscle during protein malnutrition commonly occurs as lipid stores become depleted, and there are increasing demands for other energy inputs. Among those, lowered energy and fat excretion observed in rats fed PP in the present study may reflect increased intestinal energy and fat absorption that may partly explain elevated plasma cholesterol and body fat mass compared with those fed CP.
Rats fed with either peanut or CP in the present study had lower plasma TAG concentrations than rats fed with C. Our data, however, suggest that the responsiveness of plasma TAG to PP feeding is differently modulated when compared with CP. As for the hypotriglyceridaemic effect of PP, it may also be associated with decreased VLDL formation and output by the liver. Assembly and secretion of VLDL from the liver is a complex process involving apo B. Davis et al. (49) previously showed that the synthesis (availability) of apo B determines the capacity of the hepatocyte to assemble/secrete TAG-rich VLDL. This could partly explain why TAG accumulate in the liver during protein malnutrition.
As expected, the addition of C to the PP diet counteracted the response on lipid metabolism induced by PP. This mixed diet also completely prevented the loss of muscle mass and the reduction of L f and muscle force production observed in soleus compared with PP. Therefore, partial PP replacement by C showed similar effects on skeletal muscle preservation than C and CP. However, the combination of CPP did not fully correct the decrement in liver weight observed in rats fed with PP compared with C. These results suggest that the essential amino acids provided by the 50:50 CPP mixture can effectively attenuate the protein loss induced by PP at the muscle level but not at the visceral level. Marginal in C and low in PP, the methionine content of the 50:50 CPP mixture was likely insufficient to support liver growth. It is noteworthy that nutritional restriction affected skeletal muscle and organs differently, having the greatest effect on structures with high rates of metabolism and protein turnover (50) . Rates of protein turnover vary among tissues, as is evidenced in the three times greater turnover of visceral protein as compared with skeletal muscle (51) . Therefore, the choice of another animal protein, e.g. egg white protein, richer in essential amino acids such as methionine to complement PP would be needed to support the high rate of protein turnover in visceral tissues. These results emphasise the need to further investigate the effects of dietary protein mixtures on visceral growth.
In conclusion, the present study demonstrates that the intake of PP induces loss in total body protein, liver and soleus mass compared with the high-quality dietary proteins C and CP in rats, and increased plasma cholesterol and body fat mass compared with CP. PP also causes a deficit in contractile properties in soleus, which is likely attributable to its shorter L f and dysfunctional contractile mechanism. By contrast, restriction in essential amino acids with PP feeding did not affect EDL morphological and contractile properties, indicating that some muscles are more sensitive to amino acid deprivation than others. Data obtained with the mixed 50:50 CPP mixture support the use of animal-plant protein combination in the diet as a means to stimulate protein synthesis in skeletal muscle and support the need for further studies of dietary protein combinations to enhance protein synthesis at the liver level. These results may be necessary for animal feeding to develop optimal dietary protein mixtures for improved muscle and organ development. These findings may also have human applications for the populations following vegetarian diets, especially restrictive or unbalanced ones, who may be exposed to marginal intakes and borderline essential amino acid deficiencies, particularly in situations of high metabolic demand, such as during pregnancy, lactation and the growing years.
